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Idiopathic CD4 + lymphopenia (ICL) is a rare heterogeneous syndrome defined as an absolute CD4 + T-cell count less than 300/mm 3 on 2 separate occasions in the absence of identified causes of lymphopenia such as human immunodeficiency virus (HIV)-1/2 [1] . Defects in cellular immunity, including depletion of naive and expansion of memory T-cell subsets as well as reduced T-cell receptor (TCR) diversity and signaling, have been described [2] . However, few monogenic mutations have been described that result in ICL-related opportunistic infections (OIs) such as UNC119 or TNFSF6/ Fas ligand mutations [3, 4] . Patients with ICL may acquire OIs including, most commonly, cryptococcal meningoencephalitis (CM) with the acquired immune deficiency syndrome-related fungus, Cryptococcus neoformans (Cn), but can also remain asymptomatic and have no readily identifiable immunodeficiency [5, 6] . Molecular mechanisms that differentiate infected from persistently asymptomatic patients remain elusive. It is interesting to note that unlike HIV, which predisposes to a variety of OIs, often simultaneously, previously healthy patients including those with ICL who develop infections with OIs typically tend to each have only 1 or 2 infective organisms, suggesting other genetic defects that may bias towards a specific pathogen predisposition. In addition, although several monogenic defects have been associated with cell wall-exposed fungi such as Candida albicans [7] , only a few associations have been made with infections from encapsulated fungi such as Cn, predominantly those with antibodies to granulocyte-macrophage colony stimulating factor (anti-GMCSF) infected with Cryptococcus gattii, and 1 case with a GATA2 mutation and another with autoantibodies to IFN-γ [8] . This has led us to search for secondary predispositions to OIs with Cn in a cohort of previously healthy patients with ICL.
METHODS
Informed consent was obtained from all patients followed at the National Institutes [9] . Data were collected using FACS LSRII or Calibur (BD Biosciences) and analyzed using FlowJo (TreeStar). All flow experiments were performed in at least duplicate.
Plasma samples were screened for anticytokine autoantibodies using a particle-based approach. In brief, differentially fluorescing magnetic beads (Bio-Rad) were covalently coupled to 2.5 μg of recombinant human GMCSF (R&D Systems), IFNα (PBL Biomedical Laboratories), IFNβ (PeproTech), IFNγ, IFNω (PeproTech), interleukin (IL)-1α, IL-4, IL-6, IL-12p70, IL-17A, IL-17F, IL-18, or IL-22 (all from eBioscience). Beads were combined and incubated for 30 minutes with plasma samples (diluted 1:100), washed, then incubated for an additional 30 minutes with PE-labeled goat antihuman immunoglobulin (Ig)G (eBioscience/Affymetrix). Washed beads were run in a multiplex fashion on the BioPlex X200 instrument (Bio-Rad). Data were graphed with Prism 6 (GraphPad). Normal PBMCs (1 × 10 6 ) were cultured in complete RPMI 1640 media consisting of 2 mM glutamine, 20 mM Hepes, 100 U/mL penicillin, and 100 μg/mL streptomycin with 10% patient or normal plasma. Cultures were left unstimulated or stimulated with recombinant human GMCSF (10 ng/mL; R&D Systems) for 30 minutes at 37°C. Monocytes were identified by CD14 surface staining before being fixed and permeabilized for intranuclear staining with anti-phosphoSTAT-5 (Y694) antibody (BD Biosciences) [10] .
RESULTS
Cryptococcal meningoencephalitis Case 1 was a 53-year-old, previously healthy, HIV-negative male who presented with vertigo, unstable gait, paranoia, disorientation, and shortterm memory deficits. Two months after presentation, the patient was diagnosed with CM due to Cn by cerebrospinal fluid (CSF) culture. Clinical immunological evaluation demonstrated persistent CD4 + lymphopenia and expansion of terminal effector memory cells relative to naive T-cell subsets and evidence of elevated activation markers such as increased numbers of HLA-DR% cells ( Table 2 ). Autoantibodies to GMCSF and IFNγ were negative, but genetic analysis demonstrated a G169A IKBKG (accession number: Q9Y6K9) X-linked hemizygous mutation (E57K NEMO) ( Figure 1A ), although he possessed no clinical features of anhidrotic ectodermal dysplasia reported with this mutation [11] . The patient recovered from his infectious course, and his hemolytic anemia remained stable at 18 months, but ICL persisted; partial recovery of CD8 + T-cell counts after splenectomy suggested that a direct genetic effect for his lymphopenia was less likely ( Figure 1B) . Moreover, as shown in Figure 1C , the E57K NEMO mutation of CM Case 1 was associated with decreased IFNγ production by cells enriched for CD4 + T cells after TCR stimulation with anti-CD3 and anti-CD28 compared with healthy controls, but it was similar to that of 2 children (E57K no. 1 and E57K no. 2) carrying E57K NEMO mutations as controls (NIAID Protocol no. 93-I-0119), although the latter were not associated with Figure 1D ). Cryptococcal meningoencephalitis Case 2 was a 73-year-old, HIV-seronegative male who presented with a 7-week history of low-grade fever, frontal headaches, myalgia, and diplopia as well as 2 days of left hearing loss and disequilibrium. The patient was diagnosed with CM due to Cn growth from his CSF and responded well to antifungals. Immunological studies revealed a CD4 + and CD8 + lymphopenia but without distortions in T-cell subsets as in CM Case 1 (Table 1) and normal response to (at least 8 serotypes) pneumococcal immunizations ( Table 2 ). Analysis of serum demonstrated anti-GMCSF autoantibodies that blocked phosphorylation of STAT5 ( Figure 1E ). It is interesting to note that the patient did not show any evidence of pulmonary alveolar proteinosis as demonstrated by normal computed tomography (CT) chest imaging and pulmonary function testing including pulmonary diffusing capacity. Neither CM Case 1 nor CM Case 2 carry mutations known to be associated with ICL including LCK, RAG1, UNC119, or FAS.
In addition, we screened NEMO exons of 42 additional patients with ICL, some of whom also had CM (n = 18), and found no other patients with mutations in this gene.
DISCUSSION
The present cases illustrate 2 aspects related to ICL and infections with Cryptococcus, both without strong associations with Mendelian inheritance patterns. In the first case, a functional NEMO mutation E57K led to a TCR defect. Control patients with the same mutation as well as that in the reported literature [11] suggest little OI susceptibility from the E57K mutation alone and no relationship with ICL. The NEMO defect was likely carried through the patient's adult life until late adulthood, where a quantitative T-cell defect of ICL presumably increased susceptibility to CM. Indeed, clinical manifestations of CM, in many cases, are thought to represent a reactivation disease, originally acquired as an asymptomatic infection during early life [12] , which suggests that ICL could have developed later in life. Because most patients with ICL do not develop CM, despite high exposures of the individuals beginning after their second birthday [13] , we posit that a "multi-hit model" is a possible scenario in ICL susceptibility to CM, possibly by digenic inheritance [14] or additional acquired defect(s). This includes a NEMO germline mutation plus ICL as in CM Case 1 or ICL plus anti-GMCSF antibodies as in CM Case 2. In both cases, ICL would appear to have been necessary but not sufficient to increase susceptibility to CM. Upon TCR activation, NEMO canonically regulates the release of the transcription factor, NF-κB (RelA-p50), by permitting the degradation of IkBα to which it has been bound. However, the E57K NEMO mutation results in defects in binding to TRAF6-an E3 ligase that ubiquitinates NEMO; it is this ubiquitination that usually leads to phosphorylation of IkBα bound to NF-κB (RelA-p50), triggering the release of the latter and subsequent downstream effects, including production of Th1-biasing cytokines IFNγ [11] , which is important in protection against CM [6] . Although defects in the NF-κB pathway have been reported with intracellular pathogens such as mycobacteria, such defects have not been previously reported in patients with cryptococcosis [15] . In recent studies, however, investigators have reported a differential effect on NF-κB pathway signaling between intracellular intact Cn and extracellular, heat-killed organism or glucuronyxlomannan (GXM)-the major constituent of the yeast capsule. Specifically, translational interference of IκBα, increasing the duration of RelA nuclear localization activity, occurred in intracellular infection, whereas impairment of RelA nuclear translocation occurred during extracellular presentation, and these effects were GXM dependent [15] . Therefore, our finding of an NF-κB signaling defect in CM is biologically plausible and expands the spectrum of infectious diseases that can occur via impairment of this pathway.
CONCLUSIONS
In the same way, acquisition of an anti-GMCSF autoantibody, typically associated with susceptibility to the reportedly highly virulent C gattii and not Cn [8, 10] , in combination with ICL, facilitated Cn disease development. Susceptibility to CM due to Cn occurred, despite a milder form of anti-GMCSF disease that did not result in typical pulmonary alveolar proteinosis, which was evident by a lack of pulmonary symptoms and clear lung imaging by CT. Larger epidemiological studies are needed to determine whether CM susceptibility in ICL can be validated in such a multi-hit model.
